Background {#Sec1}
==========

Type 2 diabetes mellitus is currently one of the greatest public health challenges, and the prevalence is rapidly increasing. In 2013, 382 million people globally were estimated to be diabetic, and this number is projected to reach 592 million by 2035 \[[@CR1]\]. The effectiveness of lifestyle intervention, such as diet and exercise, for long-term maintenance of euglycemia in diabetic patients has been reported in systematic reviews and meta-analyses \[[@CR2]\]. Guidelines suggested by the American Diabetes Association recommend changes in these lifestyle characteristics for both prevention and management of the disease \[[@CR3]\]. Pharmacotherapy has also been used to manage patients with diabetes. Paradoxically, medications often cause metabolic side effects such as weight gain \[[@CR4]\]. Thus, development of alternative therapies is important, and herbal extracts are among the most promising sources of new treatments for management of diabetes.

*Allium hookeri* Thwaites (Liliaceae family) is a traditional herb in Southeast Asia and is mainly used as a supplement and medicinal food \[[@CR5]\]. *A. hookeri* was listed on the Plant List based on database of World Checklist of Selected Plant Families in 2012 (<http://www.theplantlist.org>). *A. hookeri* has been reported to have anti-inflammatory \[[@CR6]\], anti-obesity \[[@CR7]\], osteoblastic \[[@CR8]\], anti-oxidant \[[@CR9]\], and anti-diabetic \[[@CR9]\] activities. However, these effects were observed in animal studies. Therefore, in this study, we investigated whether *A. hookeri* extract (AHE) could be effective in lowering blood glucose level in subjects with prediabetes.

Materials and methods {#Sec2}
=====================

Preparation of AHE {#Sec3}
------------------

Fresh *A. hookeri* root (100 kg) was purchased from the Hanam farm located in Sunchang-gun (Jeonbuk, Republic of Korea). *A. hookeri* was harvested on November 2014 and identified by the Agricultural Technology Research Institute. A voucher specimen (RDAAH15) has been kept in the Rural Development Administration. Root of *A. hookeri* were hot air-dried for 12 h at 60 °C. The dried roots (12 kg) were extracted with distilled water at 100 °C for 4 h. *A. hookeri* root extract (AHE) was concentrated under reduced pressure at 60 °C for 12 h to obtain concentrated one (7.2 kg). AHE was freeze dried at − 66 °C for 72 h under approximately 5--10 mmHg in a vacuum freeze-drying apparatus (4.5 kg). For standardization, the marker compound was cycloallin, and the sample was extracted with methanol and analyzed using LC-MS/MS under following condition: Column Acquity BEH Amide 1.7 μm (2.1 × 150 mm); mobile phase, solvent A: 10 mM CH~5~NO~2~, solvent B: 0.1% formic acid; flow rate 0.2 mL/min; temperature 25 °C. Standardized AHE containing 0.65--0.98 mg/g cycloallin was encapsulated to contain 243 mg of AHE and diluting ingredients. The placebo contains microstallin cellulose, hydroxypropyl metylcellulose, garlic flavor, and caramel flavor, so the flavor and appearance were not distinguished from AHE (Table [1](#Tab1){ref-type="table"}). Table 1Composition of investigational productsComponentContent (%)Placebo supplementTest supplementAHE--60.75Microcrystalline cellulose95.0037.32HPMC2.941.15Silica gel--0.75Garlic flavor2.00--Caramel flavor0.060.03*AHE Allium hookeri* extract; *HPMC* hydroxypropyl methylcellulose

Study design {#Sec4}
------------

The study was designed as an eight-week, randomized, double-blind, and placebo-controlled crossover trial. Random allocation sequence was generated using a computer program, and was concealed from all subjects, investigators, and staff until the end of the study. The trial protocol and informed consent form were approved by the Institutional Review Board of Chonbuk National University Hospital (IRB No.: 2015--02-038) and trial was conducted from 2015 to 2017. This trial adhered to CONSORT guidelines and included CONSORT checklist as an Additional file [1](#MOESM1){ref-type="media"}. Prior to the trial, written consent was obtained from all subjects, and the entire process of the trial was conducted in accordance with the Helsinki Declaration, International Conference on Harmonization (ICH-GCP), and trial protocol. Subjects were randomly assigned to receive either AHE or placebo in the first period. Based on the crossover design, subjects received the opposite investigational product (IP) after a four-week washout period (Fig. [1](#Fig1){ref-type="fig"}). During the trial period, subjects were instructed to take the IP twice daily and maintained their usual diet, except for taking functional foods or dietary supplements. Compliance was calculated by collecting the remaining IP consumed for 8 weeks from the prescribed IP, and subjects with compliance less than 70% were excluded from the analysis. The subjects also reported to the researchers the adverse events and lifestyle changes. Efficacy and safety were assessed before and after taking the investigational products. Fig. 1Scheme of the crossover design

Subjects {#Sec5}
--------

The study subjects were recruited from the Clinical Trial Center for Functional Foods at Chonbuk National University Hospital. Prediabetes subjects (100 ≤ fasting plasma glucose (FPG) \< 126 mg/dL) who had not been diagnosed with any disease and met the inclusion criteria were recruited for this study. Exclusion criteria for the study were as follows: (1) significant variation in body weight (\> 10%) in the past 3 months; (2) diabetes; (3) total cholesterol ≥260 mg/dL and/or LDL-cholesterol ≥180 mg/dL; (4) familial combined hyperlipidemia; (5) systolic blood pressure \> 160 mmHg and/or diastolic blood pressure \> 100 mmHg; (6) use of corticosteroids within the past 4 weeks; (7) use of anti-obesity, hypolipidemic, or hypoglycemic drugs within the past 6 weeks; (8) use of obesity-, blood lipid-, or blood glucose-related functional foods within the past 2 weeks; (9) cardiovascular disease, heart failure, or myocardial infarction; (10) local or systemic inflammatory disease such as rheumatoid arthritis or autoimmune disease; (11) history of alcohol or substance abuse; (12) history of a disease that could interfere with the test products or impede their absorption, such as gastrointestinal disease or gastrointestinal surgery; (13) allergic or hypersensitivity; (14) participation in any other clinical trials within the past 2 months; (15) a laboratory test or medical or psychological conditions deemed by the investigators to interfere with successful participation in the study; (16) pregnancy or breast feeding.

Efficacy outcome measures {#Sec6}
-------------------------

At every visit, all subjects underwent blood tests and oral glucose tolerance test (OGTT) after an overnight fast. After a fasting blood sample was collected, glucose load of 75  g was ingested within 5 min. Blood samples were collected at 30, 60, 90, and 120 min after the glucose load. Blood glucose concentrations were measured using the ADVIA® 2400 chemistry system (Siemens, Bayern, Germany). Total glucose incremental area under the curve (iAUC) during OGTT was determined using the trapezoidal method \[[@CR10]\]. Insulin concentration was measured using a Cobas e 601 module (Hitachi High-Technologies Corporation, Tokyo, Japan). C-peptide concentration was measured using a Cobas 8000 chemistry autoanalyzer (Roche Diagnostics System, Basel, Switzerland). Hemoglobin A1c (HbA1c) concentration was measured using an ADAMS A1C HA-8180 (Arkray Factory, Kyoto, Japan). Total cholesterol, triglyceride, HDL-cholesterol, and LDL-cholesterol concentrations were measured using a Hitachi 7600--110 analyzer (Hitachi, Tokyo, Japan).

Safety outcome measures {#Sec7}
-----------------------

At each visit, subjects were examined for electrocardiogram, vital signs (blood pressure and pulse rate), and laboratory tests (WBC, RBC, Hb, Hct, platelet count, ALP, γ-GT, AST, ALT, total bilirubin, total protein, albumin, BUN, and creatinine) for safety evaluation. WBC, RBC, Hb, Hct, and platelet count were measured using a System XE-5000TM (Sysmex, Kobe, Japan). ALP, γ-GT, AST, ALT, total bilirubin, total protein, albumin, BUN, and creatinine were measured using the ADVIA® 2400 chemistry system (Siemens, Munich, Germany).

Evaluation of diet and physical activity {#Sec8}
----------------------------------------

Dietary intake survey and physical activity survey were used to determine subjects' lifestyle changes during the trial period. Dietary intakes investigated by the 3-day dietary record method were analyzed using the CAN-pro 4.0 program (The Korean Nutrition Society, Seoul, Korea). Physical activity was investigated and analyzed by Global Physical Activity Questionnaire (GPAQ).

Statistical analysis {#Sec9}
--------------------

All statistical analyses were conducted using SAS version 9.4 (SAS Institute, Charlotte, NC, USA). Sample size was calculated to detect a 1.0 mg/dL (SD = 2.3 mg/dL) based on a power of 0.8 and an α levels of 0.05 \[[@CR11]\]. Therefore, the calculated number of subjects was 21 for each group considering the dropout rate of 30%. Analysis was performed on a per protocol (PP) approach. Data are shown as the mean value and standard deviation (SD). To determine the differences between the groups, the categorized variables were analyzed using the chi-square test and continuous variables were analyzed using the *t*-test. A *p*-value less than 0.05 was considered statistically significant.

Results {#Sec10}
=======

Subject disposition {#Sec11}
-------------------

Among the 30 subjects randomly assigned at study entry, 22 (73%) completed the study (Fig. [2](#Fig2){ref-type="fig"}). Fig. 2CONSORT diagram showing the study flow

Subject characteristics {#Sec12}
-----------------------

General characteristics of the subjects are shown in Table [2](#Tab2){ref-type="table"}. Baseline characteristics of age, sex, weight, height, and FPG were not significantly different between the AHE and placebo groups. Table 2Demographic characteristics of the trial subjects^a^VariableValueSex (M/F)13/17Age (years)54.17 ± 9.10Height (cm)162.33 ± 9.30Weight (kg)68.47 ± 13.05BMI (kg/m^2^)25.83 ± 3.04FPG (mg/dL)110.60 ± 10.22*M* male; *F* female; *BMI* body mass index; *FPG* fasting plasma glucose^a^Values are presented as number or mean ± standard deviation

Safety evaluation {#Sec13}
-----------------

Thirteen adverse events were observed in three subjects in the AHE group and four in the placebo group during the trial period. The adverse events reported in the AHE group were common cold, back pain, skin peeling, dyspepsia, and upper respiratory tract infection. Adverse events were not significantly different between the two groups. There was no significant difference between the groups in the occurrence of adverse events, and it was judged that the adverse events had no relationship with AHE intake. Also, all safety parameter values, including ECG, vital signs, and laboratory tests, were within normal range during the trial period.

Diet and physical activity {#Sec14}
--------------------------

There were no significant differences between the groups in dietary intake (calories, carbohydrates, protein, fat, and fiber) or physical activity (metabolic equivalents value).

Efficacy evaluation {#Sec15}
-------------------

The effects of AHE supplementation on plasma glucose level after OGTT and metabolic parameters were evaluated. A possible carryover effect for AHE supplementation was evaluated by comparing HbA1c levels at the end of the washout periods with baseline values. After 4-week washout period, there were no statistically significant differences in the HbA1c levels between placebo and AHE supplemented groups (data not shown), indicating no carryover effects of AHE supplementation.

After 8 weeks of supplementation, 1-h glucose level and iAUC were significantly different between the groups due to unexpected increases in the placebo group (*p* = 0.040 and *p* = 0.040, respectively) (Table [3](#Tab3){ref-type="table"}). In addition, a significant difference was observed in the HbA1c level due to AHE supplementation (*p* = 0.012). Plasma levels of fasting glucose, insulin, C-peptide, total cholesterol, HDL-cholesterol, LDL-cholesterol, and triglyceride were not different between the AHE and placebo groups (Table [4](#Tab4){ref-type="table"}). Table 3Blood glucose level obtained during the OGTT before and after supplementation with AHE or placebo^a^Test group (*n* = 22)Placebo group (*n* = 22)*P*-value^b^Week 0Week 8Change valueWeek 0Week 8Change valueBlood glucose (mg/dL)0 min106.91 ± 7.21107.55 ± 10.660.64 ± 8.51108.55 ± 9.77107.77 ± 10.43−0.77 ± 7.560.56930 min182.36 ± 27.14183.32 ± 20.410.95 ± 20.58186.95 ± 28.25187.64 ± 23.650.68 ± 27.520.96860 min216.86 ± 32.74216.18 ± 46.24−0.68 ± 32.57197.77 ± 39.54216.27 ± 46.0718.50 ± 33.200.04090 min211.59 ± 50.02209.27 ± 46.28−2.32 ± 37.57192.45 ± 44.93214.45 ± 56.4822.00 ± 55.400.149120 min196.77 ± 48.95192.32 ± 44.99−4.45 ± 39.49182.82 ± 47.79195.09 ± 51.7112.27 ± 47.650.282iAUC~0--2\ h~ (h\*mg/dL)167.51 ± 55.92164.26 ± 57.42−3.25 ± 38.59144.37 ± 43.54169.35 ± 63.8024.98 ± 45.150.040*OGTT* oral glucose tolerance test; *AHE Allium hookeri* extract; *iAUC* incremental area under the curve^a^Values are presented as mean ± standard deviation^b^Analyzed using *t*-test (difference between two groups in change from baseline)Table 4Blood markers obtained before and after supplementation with AHE or placebo^a^Test group (*n* = 22)Placebo group (*n* = 22)*P*-value^b^Week 0Week 8Change valueWeek 0Week 8Change valueInsulin (μU/mL)8.52 ± 4.3810.41 ± 5.001.89 ± 3.539.32 ± 4.429.26 ± 5.19−0.06 ± 3.080.094C-peptide (ng/mL)2.00 ± 0.772.23 ± 0.690.23 ± 0.502.07 ± 0.772.18 ± 0.900.11 ± 0.380.448HbA1c (%)6.24 ± 0.386.20 ± 0.37−0.04 ± 0.126.19 ± 0.376.26 ± 0.390.07 ± 0.150.012Total cholesterol (mg/dL)213.86 ± 27.18212.68 ± 24.87−1.18 ± 28.03219.27 ± 21.88217.68 ± 25.36−1.59 ± 18.980.963Triglycerides (mg/dL)180.77 ± 117.66170.09 ± 109.94−10.68 ± 34.42160.86 ± 75.71157.32 ± 74.26−3.55 ± 84.890.730HDL-cholesterol (mg/dL)49.27 ± 9.5249.68 ± 8.250.41 ± 5.4350.64 ± 9.4248.45 ± 8.32−2.18 ± 6.180.201LDL-cholesterol (mg/dL)133.86 ± 19.11135.23 ± 19.861.36 ± 25.42145.00 ± 18.97143.82 ± 24.50−1.18 ± 17.760.759*AHE Allium hookeri* extract; *HbA1c* hemoglobin A1c^a^Values are presented as mean ± standard deviation^b^Analyzed using *t*-test (difference between two groups in change from baseline)

Discussion {#Sec16}
==========

Genus *Allium*, such as garlic, and onion has various bioactive functions such as anti-cancer \[[@CR12], [@CR13]\], anti-inflammatory \[[@CR14], [@CR15]\], anti-diabetic \[[@CR16], [@CR17]\], and hypolipidemic \[[@CR16], [@CR18]\] effects, and these functions are known to be caused by sulfur compounds. Representative sulfur compounds include alliin, allicin, and cycloalliin. *A. hookeri* is a genus *Allium* containing cycloalliin as its main compound, and is reported to contain lower alliin, allicin and higher cycloalliin than other species \[[@CR5]\]. Cycloalliin is a stable cyclic compound formed by sulfoxide such as alliin after processing such as crush and heat \[[@CR19]\]. According to various reports, cycloalliin is also known to have antioxidant \[[@CR5]\], hypolipidemic \[[@CR20]\], and fibrinolytic \[[@CR21]\] activities. Food can be consumed as raw materials, but it is common to undergo various cooking or processing, so it is important to keep the active compounds stable during processing. Therefore, *A. hookeri*, which contains a large amount of cycloalliin, a relatively stable active compound, has many advantages. For this reason, the AHE used in this trial were also standardized with cycloalliin as a marker compound.

This is the first clinical trial where the safety and efficacy of AHE in subjects with prediabetes were evaluated. AHE was well tolerated, and no serious adverse events occurred in the AHE group. Twice daily AHE supplementation resulted in decreased HbA1c level from baseline to 8 weeks compared with placebo. In addition, 1-h plasma glucose and iAUC showed significant differences between the groups, but this was due to unexpected increases of these parameters in the placebo group. Prediabetes has no specific signs or symptoms, however individuals with prediabetes are at increased risk of developing type 2 diabetes. Longitudinal studies to predict future diabetes development show that prediabetes subjects with a higher HbA1c level have a higher predictive value of progression to diabetes than those with a lower HbA1c level, although the results vary according to the population characteristics \[[@CR22]--[@CR24]\]. Because type 2 diabetes is a treatable but not curable disease, an approach to tackle or to delay this progression should be a superior health strategy than an approach to manage the disease after it is established. In this study, AHE supplementation has shown to be effective in reducing HbA1c level in prediabetes subjects. Given that HbA1c level reflects the average blood glucose levels over the past 3 months, it is tempting to speculate that AHE might be effective for long-term glycemic control, especially in ethnic subgroups who have a higher risk of type 2 diabetes progression. However, there is limitation in assessing the long-term efficacy of the test supplementation by measuring HbA1c, since the washout period is 4 weeks. The lack of a carryover effect for AHE supplementation based on HbA1c measurements allowed us to combine the data from the cross-over studies.

Overall, our findings are in agreement with previous cell culture and animal studies demonstrating anti-diabetic effects of AHE. Four studies have been conducted to investigate the underlying mechanism. First, AHE was shown to suppress body weight gain and organ fat mass \[[@CR7]\]. Second, in a study with 3 T3-L1 adipocytes, AHE suppressed resistin secretion and increased secretion of adiponectin \[[@CR25]\]. Third, AHE significantly reduced fasting blood glucose, HbA1c, and lipid profile and increased insulin in db/db mice \[[@CR26], [@CR27]\]. Finally, Rho et al. \[[@CR9]\] showed that AHE-treated rats were protected from streptozotocin-induced pancreatic β-cell damage via suppression of the NF-κB signaling pathway. These in vitro and in vivo findings suggest that AHE supplementation may have anti-diabetic effects by maintaining insulin secreting capacity of pancreatic β-cells and by changing the secretion of adipocytokines involved in glucose metabolism.

After supplementation with AHE, statistically significant differences were found in plasma glucose level at an earlier time point during OGTT. These results suggest that AHE may slow digestion of ingested food in the intestinal lumen. Yang et al. \[[@CR25]\] reported that AHE increases the expression of glucose transporter 4 (GLUT4) in 3 T3-L1 adipocytes, suggesting an additional possibility in which AHE improves glucose intolerance by increasing insulin action on the target tissues responsible for glucose uptake. Altogether, these findings indicate that, regardless of underlying mechanism, AHE supplementation is effective in reducing HbA1c level.

This study had several limitations that should be considered. First, this trial included a small number of subjects; therefore, caution should be used in generalizing the results to other populations. However, the results are generally consistent with the reported increase of glycemic responses by AHE in previous studies \[[@CR9], [@CR25]\]. Second, the subjects were allowed to maintain their usual diet and activities without conducting surveys regarding lifestyles. Therefore, the subjects' diets and activity levels were not strictly controlled. For a more accurate study, control of lifestyle factors, such as food intake and physical activity, is necessary. Third, the short duration of the study (8 weeks) provided limited information on long-term anti-diabetic effects and/or on the long-term safety risks associated with AHE.

Studies on the anti-diabetic effects of the genus *Allium* containing abundant sulfur compounds with predominant biological functions have been continuously conducted. However, clinical trials for anti-diabetic effects in genus *Allium* such as garlic and onion has some limitations such as the fact that they are not RCT \[[@CR28]--[@CR30]\], do not confirm the significance compared to the placebo \[[@CR31]\], or lack of data on postprandial glucose \[[@CR17], [@CR28], [@CR30]\]. Despite several limitations, the trial, which used AHE containing sulfur compounds as a test product, conducted a well-designed RCT based on preclinical studies. Changes in various biomarkers related to blood glucose were observed for prediabetic subjects, and significant effects were shown in some items compared to the placebo group. Therefore, the findings of this trial confirmed the possibility of blood glucose improvement in AHE, which is the first-in-human and proof-of-concept clinical trial, so larger and longer trials are required to confirm the preliminary findings.

Conclusion {#Sec17}
==========

In conclusion, 8 weeks after AHE supplementation, plasma glucose at 1-h OGTT, iAUC, and HbA1c level was significantly decreased in the AHE group compared with the placebo group. However, significant difference in 1-h plasma glucose level was determined by unexpected increase in placebo group. It is meaningful that this study was first study to evaluate the anti-diabetic effects of *A.hookeri* in humans. However, there is a limit to the small sample size of this study, so larger clinical trials are needed in the future.
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AHE

:   *Allium hookeri* extract

ALP

:   Alkaline phosphatase

ALT

:   Alanine transaminase

AST

:   Aspartate aminotransferase

BUN

:   Blood urea nitrogen

FPG

:   Fasting plasma glucose

γ-GT

:   Gamma-glutamyltransferase

GPAQ

:   Global Physical Activity Questionnaire

Hb

:   Hemoglobin

Hct

:   Hematocrit

HDL

:   High density lipoprotein

iAUC

:   Incremental area under the curve

LC-MS/MS

:   Liquid chromatography-mass spectrometry

LDL

:   Low density lipoprotein

OGTT

:   Oral glucose tolerance test

PP

:   Per protocol

RBC

:   Red blood cell

SD

:   Standard deviation

WBC

:   White blood cell
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